To estimate the productivity and grazing impact of a common appendicularian species Oikopleura dioica in Tokyo Bay, monthly observations on its abundance and vertical distribution were conducted during 2000. The abundance peaked in February and October, but was low during summer. Seasonal fluctuations in productivity were similar to those of the abundance, with maximum values of 92, 134 and 508 mg C m 22 day 21 for somatic, new house and discarded house productivity in October and 206 mg C m 22 day 21 for fecal pellet productivity in February, respectively. The averaged biomass of O. dioica was only 2.5% of that of copepods; however, the secondary productivity of the former corresponded to 12.4% of the latter. Daily grazing impact on particulate organic carbon ranged from 0.05% to 5%, which is close to the impact by copepods. These results imply that in Tokyo Bay, where small copepods and jellyfish are abundant, O. dioica is an important component of the ecosystem because it bridges between small primary producers and higher consumers.
I N T RO D U C T I O N
Tokyo Bay is a highly eutrophic inlet in central Japan (Ogura, 1993) . Phytoplankton bloom all year round; chlorophyll a concentration in the surface layer of the inner bay area usually exceeds 10 mg L
21
, and occasionally 100 mg L 21 (Yamaguchi and Shibata, 1979) . In this inner bay area, only Oikopleura dioica is the only appendicularian species present (Nomura and Murano, 1992; Nomura, 1993) . This species occurs throughout the year and its abundance sometimes exceeds 10 000 ind. m 23 (Anakubo and Murano, 1991) . Appendicularians are known to be important in the carbon cycling of marine ecosystems because (i) their growth rate is much higher than other groups such as copepods Roff, 1995, 1998; Nakamura et al., 1997) , (ii) their grazing impact on primary producers is considerable (Alldredge, 1981; Deibel, 1988;  production by the O. dioica population are needed. In particular, it is necessary to determine the removal rate of food assemblages (the grazing impact) and the productivities of somatic tissue, new houses (newly secreted, particle-free houses), discarded houses and fecal pellets. For Tokyo Bay, however, previous studies have reported only on the spatial or the seasonal variations in the abundance of O. dioica (Yamazi, 1955; Anakubo and Murano, 1991; Nomura and Murano, 1992) . Moreover, there have been no comprehensive studies estimating the rate of food removal (R RM ) and somatic, new house, discarded house and fecal pellet productivities (P S , P NH , P DH and P FP ). In the present study, we combined data on the seasonal variation of the abundance and vertical distribution of O. dioica in the central region of Tokyo Bay with additional experimental data to determine R RM , P S , P NH , P DH and P FP , so we could elucidate the role and importance of O. dioica in the trophic dynamics of this ecosystem (Table I) .
M E T H O D S Determination of abundance and biomass
From January through December 2000, samples were collected monthly at station F6 (35825'N, 139848'E, 26 m depth) at a central point of Tokyo Bay (Fig. 1) , aboard a research and training vessel Seiyo-maru of the Tokyo University of Marine Science and Technology. A NORPAC net with 0.45 m mouth diameter and 100 mm mesh opening (Motoda, 1957) was towed vertically from the bottom to the surface. The volume of water filtered through the net was estimated using a flow meter (Rigo Co. Ltd.) mounted in the mouth of the net. To observe the vertical distribution of O. dioica, water was sampled from six depths (0, 5, 10, 15, 20 and 25 m) using an 8-L Van Dorn bottle. From each layer, 5 L of seawater was filtered through a 20 mm mesh net. Both the net and bottle samples were fixed in 5% buffered formaldehyde-seawater solution. In addition, 100 mL from each sample was filtered through Whatman GF/F glass-fiber filters and extracted in 6 mL of N, N-dimethylformamide to determine the chlorophyll a concentration (Chl) (Suzuki and Ishimaru, 1990) . Chl was estimated with a fluorometer (Turner Designs) later in the laboratory. While sampling, CTD (Neil Brown mark III) casts were done simultaneously to obtain vertical profiles of water temperature and salinity. The net samples were split into 1/2 to 1/128 subsamples. Oikopleura dioica in sub-samples were then sorted and counted, thereafter the abundance (number of individuals per unit volume of seawater) was calculated. Their trunk lengths (including gonads) were measured under a microscope. The long-term preservation of O. dioica specimens results in considerable shrinkage, as much as 6% in trunk length (Alldredge, 1981) . Thus measured trunk lengths were corrected for this shrinkage. Individual biomass was then calculated by converting the trunk length (L TR , mm) into body carbon weight (W BC , mg) using the following equation (Sato et al., 2001) :
The biomass in a water column below a unit area of sea surface (B, mg C m
22
) was calculated along with individual biomass, animal abundance and size distribution. Consequences of the sampling design for interpretation of the data are presented in the "Discussion".
Estimation of somatic and house productivity
Generation time and mean body carbon weight of mature O. dioica individuals ( m W BC , mg) at various water temperatures and salinities have been reported by Sato et al. (Sato et al., 2001) (Table II) . Using the mean trunk length of hatched individuals 106 mm (n = 5) (R. Sato, personal observation), which is equivalent to 0.014 mg of W BC , instantaneous growth rate ( g) can be calculated as:
where t is the generation time in days. Forward stepwise multiple regression analysis was completed to statistically assess whether water temperature (T, 8C) and salinity contribute to predicting g. As a result, only T significantly contributed:
The instantaneous growth rate every 1 m depth (g i , day
21
) was calculated by adopting the T measurements from the CTD into this equation. The values for g in Table II were obtained under high food concentrations of 1200 mg C L
. López-Urrutia et al. (López-Urrutia et al., 2003a) and Troedsson et al. (Troedsson et al., 2002) found no changes in growth rates of appendicularians over a wide range of food concentrations, exceeding a minimum level necessary for survival. We thus assumed that g was not affected by food concentrations during the study period due to the fact that Chl is maintained at a high level and the concentration of nonchlorophyll-containing particles is also high in Tokyo Bay throughout the year (See equation 10). The P S (mg C m 22 day
) was calculated by integrating the product of biomass every 1 m depth (B i , mg C m 23 ) and g i over depth as:
For this calculation, the vertical profiles of biomass were first described according to the observations using the samples taken every 5 m and the B i was then obtained by linear interpolation.
Sato et al. (Sato et al., 2001 ) also measured house renewal rates of O. dioica at various temperatures and salinities (Table II) . By the forward stepwise multiple regression analysis, the house renewal rate (H, houses ind.
21 day 21 ) can be explained by the following equation with temperature (T) and salinity (S) as independent variables:
House renewal, H, was observed to be constant over the animal's lifetime (Sato et al., 2001) ; however, there is no information on variation of carbon content per unit Isochrysis galbana and Tetraselmis sp. were fed at a total concentration of 1200 mg C L
. The g is the instantaneous growth rate calculated using generation time and mean body carbon weight of mature individuals presented here. See "Methods".
R. SATO ET AL. j PRODUCTIVITY AND GRAZING IMPACT OF O. DIOICA volume or weight of the house during individual growth. We thus assumed that carbon content per unit amount of house is constant throughout its lifetime. The house renewal rate every 1 m depth (H i , houses ind.
21 day
) was calculated using equation (5) adopting the in situ temperature and salinity. Although food concentration has little effect on H (Acuña and Kiefer, 2000; Sato et al., 2001) , high concentrations of largesized or chain-forming phytoplankton can increase H due to clogging the inlet filter of the house (Sato et al., 2001; Tiselius et al., 2003) . In Tokyo Bay, the phytoplankton community can be divided into two phases, initially dominated by diatoms, such as chain-forming Skeletonema costatum from January to March, and then followed by flagellates (Nomura and Yoshida, 1997) . Our estimation of H here for winter may thus be conservative. The carbon contents of newly secreted, particlefree houses and discarded houses were reported as 15.3% and 58.1% of W BC , respectively (Sato et al., 2001) . Various particles can be accumulated in the house without being ingested, so that discarded houses contain a much larger amount of carbon than newly secreted ones. New house productivity P NH and discarded house productivity P DH (mg C m 22 day
) can be calculated as:
and
Estimation of fecal pellet productivity
The gut passage time (t GP , min) of O. dioica was explained by the following equation given in López-Urrutia and Acuña (López-Urrutia and Acuña, 1999):
where t DI is the interval (min) for defecation of a fecal pellet and C food (mg C L
) is the food concentration. Because t DI 21 represents the number of fecal pellets produced per unit time, by transforming equation (8), we can calculate the number of fecal pellets produced per individual per day (N FP ) by:
Oikopleura dioica ingest particles smaller than 30 mm (Alldredge, 1981; Fenaux, 1986) ; they preclude large particles before entering the house by inlet filters with a 30 mm mesh opening (in the case of large individuals) (Fenaux, 1986) . In our study, no data were available on the size composition of particulate organic matter as food. In Tokyo Bay, small phytoplankton (,20 mm) compose 82% of the entire phytoplankton carbon biomass on an annual mean (H. Nomura, Tokyo, personal communication). Ogawa and Ogura (Ogawa and Ogura, 1990) reported the relationship between concentrations of particulate organic carbon (POC, mg L
) and Chl (mg L
) as:
The intercept 390 represents the amount of carbon in non-chlorophyll-containing particles; the slope 51 gives an estimate of phytoplankton's POC/Chl ratio. C food for the N FP calculation was thus obtained by the product of Chl, 51 and Nomura's ratio of 0.82. Available C food for animals, however, could be much higher because, for appendicularians, more than 60% of the ingested material originates from nonchlorophyll-containing prey (López-Urrutia et al., 2003b) . Therefore, N FP would be underestimated due to such a low estimate of C food . We observed in the laboratory that discarded houses contained 0.8 pellets on average (range 0 -32 pellets, n = 263). Fecal pellets retained in the house are regarded as a part of P DH in this study. N FP was corrected by subtracting the product of 0.8 and H.
In order to estimate the fecal pellet productivity, we examined the relationship between L TR and the fecal pellet volume. While one of the authors (R. Sato) was collaborating in research on appendicularian productivity with Louisiana Universities Marine Consortium, USA, O. dioica were collected by a plankton net (40 mm mesh-opening) in the northern Gulf of Mexico aboard the research vessel Pelican. Samples were fixed in 4% buffered formaldehyde-seawater solution. In the laboratory, animals were sorted and L TR and lengths of the minor and major axes of fecal pellets in the rectum or the right stomach lobe were measured microscopically. The volume of fecal pellets (V FP , mm 3 ) was calculated assuming an ellipsoidal shape. We also examined the relationship between L TR of live animals and V FP . Animals were collected from the surface waters of the northern Gulf of Mexico and maintained individually in beakers filled with ambient seawater sieved through a 30 mm mesh. The Chl concentration after sieving was 4.5 mg L
. One to three pellets defecated in the beaker by each animal were collected. L TR and the minor and major axes of the pellets were measured microscopically. We assumed carbon content of the appendicularian fecal pellet of 35.5 Â 10 29 mg C mm 23 as reported by González and Smetacek (González and Smetacek, 1994 ) (the mean value in their Table I ). Fecal pellet productivity by an individual ( ind P FP , mg C ind. 21 day
Fecal pellet productivity at a sampling depth i m (P FPi , mg C m 23 day
) was calculated in combination with ind P FP and abundance and size distribution of the animals. P FP (mg C m 22 day
) can be calculated by integrating P FPi over depth.
Estimation of daily removal of suspended particles
The assimilation efficiency of O. dioica for naturally occurring particles was reported as 80% (Gorsky, 1980 in Deibel, 1998 . We thus can calculate the population ingestion rate (R I , mg C m 22 day
21
) from P FP using this assimilation efficiency. The fraction of prey particles trapped in the house versus particles actually ingested varies considerably depending on its size, shape and food concentration (Troedsson et al., 2007) . However, exact estimation of this fraction in the natural environment during our study is difficult. Gorsky and Palazzoli (Gorsky and Palazzoli, 1989) reported that 29.5% of the particles removed from the ambient water by O. dioica remain in discarded houses without being ingested. This value means that removed particles correspond to 142% of ingested particles; hence, R RM (mg C m 22 day 21 ) can be estimated as the product of R I and 1.42.
Comparison with copepod productivity
We estimated the productivity of copepods to compare with that of O. dioica. The annual mean biomass of the entire copepod community at the same station F6 as used in this study was reported as 45 mg C m 23 (Nomura and Ishimaru, 2000) . Integrating this over the depth of 26 m, we get 1170 mg C m
22
. Considering that the maximum density of copepods occurs at this station at a depth of 5 m (Nomura, 1993) , we adopted the water temperature at this depth for each month to estimate g of copepods (g cop , day 21 ) using the equation of Huntley and Lopez (Huntley and Lopez, 1992) :
Copepod productivity can be obtained as the product of 1170 mg C m 22 and g cop for each month.
R E S U LT S Seasonal variation of vertical distribution, abundance and biomass of O. dioica
The vertical distribution of O. dioica was related to the hydrographic structure. The whole water column was vertically mixed from December to March (Fig. 2) . During this period, O. dioica distributed homogeneously throughout the water column. In contrast, from April until November, when the water column was stratified (with a thermocline and/or a halocline), O. dioica were concentrated mainly in the upper 15 m, with a peak at 0 or 5 m. High Chl levels exceeding 30 mg L 21 were observed in the surface layer from June to October.
Oikopleura dioica occurred under a wide range of water temperatures (9.88C T 27.78C), salinities (19.6 S 34.0) and chlorophyll a concentrations (0.2 Chl 48.9 mg L 21 ) (Fig. 3) . High abundances exceeding 20 000 ind. m 23 were observed under conditions of 22.58C T 238C, 26.4 S 32.7 and 0.7 Chl 33.6 mg L
21
. The abundance was highest in October, exceeding 280 000 ind. m 22 (Fig. 4) . Other peaks were found in February and December. From June to August, abundance was very low, as low as 2201 ind. m 22 in July. The seasonal change in biomass was similar to that of abundance, being highest in February (84.2 mg C m
22
) and lowest in June (0.5 mg C m 22 ).
Productivity of O. dioica
V FP as a function of L TR was expressed as: 
After the log 10 -transformation of both sides of this regression equation, the slope and the intercept were not significantly different from those of the regression equation for fecal pellets defecated by live animals (test of parallelism, F 1, 53 = 0.12, P = 0.73; ANCOVA, (Fig. 5) . We thus applied equation (13) to estimate P FP .
Productivity of O. dioica had prominent peaks in February, May, October and December, with maxima in October for P S , P NH and P DH and in February for P FP (Fig. 6a) . Through the year, P S and P NH did not differ from each other, but P DH and P FP were much higher. In June, productivities were lowest; 0.7, 1.0, 3.6 and 2.2 mg C m 22 day 21 for P S , P NH , P DH and P FP , respectively. These productivities increased again after September; in October the respective four values of productivity reached 92, 134, 508 and 146 mg C m 22 day
21
. A combination of P S and P NH , secondary productivity of appendicularians, ranged between 1.7 and 226 mg C m 22 day 21 (Fig. 6a) . Similarly, the combination of P DH and P FP , detrital matter productivity, ranged from 5.8 to 654 mg C m 22 day
.
Daily ratios of productivity to biomass (daily productivity/B ratio) were positively related to water temperature, staying low during winter and early spring but high in summer, except for the P FP which fluctuated strongly (Fig. 6b) . The daily secondary productivity/B ratio and the daily detrital matter productivity/B ratio were 0.9-4.1 with an average of 2.6 and 3.1-16.0 with an average of 8.7, respectively (Fig. 6b) .
Removal rate of food by O. dioica
Time series of the R RM showed prominent peaks similar to those of productivity with a maximum value of 1460 mg C m 22 day 21 in February (Fig. 7) . The daily ratios of R I to B were exceedingly high, ranging from 3.9 in April to 34 in September, with an average of 15. On the basis of the total POC, including both non-chlorophyll-containing particles and particles .20 mm, calculated from Chl using equation (10), daily consumption of POC standing stock by O. dioica was estimated between 0.05% and 5%, with a similar seasonal pattern to that of R RM (Fig. 7) . If we take only ingestible POC ,20 mm into account, this contribution could be higher.
Comparison with copepod productivity
At our sampling station, average copepod productivity was 458 mg C m 22 day 21 , whereas average P S of O. dioica was 25.9 mg C m 22 day
21
, corresponding to 5.7% of the former. However, averaged P S /B ratio of 1.12 for O. dioica was 2.9-fold of that of 0.39 for copepods. Moreover, if the contribution of new houses is taken into account, appendicularian productivity could be as much as 12.4% of that of copepods, although the average biomass of O. dioica was only 2.5% of that of copepods.
D I S C U S S I O N
The present work contributes to understanding of (i) how O. dioica, which is a typically abundant appendicularian species in neritic waters, functions in plankton communities, and (ii) how this species is important in comparison with copepods and other major planktonic grazers.
Daily secondary productivity/B ratio of O. dioica ranged from 0.9 to 4.1 with a mean of 2.6 (Fig. 6b) . Even the mean value is much higher than that of the reported highest value 1.25 for copepods (Durbin and Durbin, 1981) . The high productivity/B ratio means that O. dioica, despite its relatively low biomass, is an important secondary producer in Tokyo Bay. Productivity of appendicularians has been reported to be comparable to or exceeding that of predominant planktonic crustacean groups with estimated productivities ranging from 31% to 245% of values of copepods and euphausiids (Clarke and Roff, 1990; Nakamura, 1998; Tomita et al., 1999) , being much higher than our result (12.4%). Values lower than the copepod productivity in the present study may be due to the exceedingly high biomass and productivity of copepods, especially the most abundant cyclopoid species O. davisae (Nomura, 1993; Ishii and Tanaka, 2001) .
The high values of daily productivity/B ratio from June to September (Fig. 6b) could allow the O. dioica population to grow rapidly, but in fact the biomass and productivity remained low during this period (Figs 4  and 6a ). This apparent contradiction could be solved if we consider predatory impact on O. dioica. The scyphomedusa A. aurita becomes abundant from June to September in Tokyo Bay (Toyokawa et al., 2000) ; we also observed A. aurita abundance as high as 8 ind. m 23 in June at our research station. Actual value of the predatory impact on appendicularians by A. aurita is unknown; however, it is likely that A. aurita can decrease O. dioica populations because of its voracious feeding on mesozooplankton (Omori et al., 1995; Uye and Shimauchi, 2005) . In addition, other potential predators on appendicularians, e.g. a lobate ctenophore Bolinopsis mikado, a chaetognath Sagitta crassa and larvae of anchovy Engraulis japonicus are abundant during summer (Nomura and Murano, 1992; Kanazawa, 1996; Kasuya et al., 2000) .
Our estimates of daily R I /B ratio with a mean of 15 are higher than those reported for other species; for example, up to 982% day 21 for O. vanhoeffeni (Deibel, 1988) or 504% day 21 for O. fusiformis (Scheinberg and Landry, 2005) . To verify these high values, we here attempt to calculate gross growth efficiency, the ratio of secondary productivity to R I , ranging from 9% to 48% with a mean + SD of 21 + 14% in this study. These values are similar to those of zooplankton such as euphausiid and copepod species (Parsons et al., 1984) . Considering a gross growth efficiency of 21%, the O. dioica population must ingest an amount of carbon 5-fold of their secondary production. Given the mean daily secondary productivity/B ratio of 2.6 (Fig. 6b) , the population must ingest an amount of carbon 12-fold of its biomass to keep this level of secondary productivity. Our estimate of the instantaneous growth rates of 0.9 -2 day 21 (Table II) , which are within the range of reported values for O. dioica , means that the body weight of this species can increase 2.5 -7.4-fold per day. To achieve this level of growth, O. dioica needs to ingest carbon up to 35-fold of its biomass if a gross growth efficiency of 21% is applied. These estimates of daily R I /B ratio might be considered to be exceedingly high. The validity of such high estimates under favorable conditions such as high temperature allowing fast ingestion and rapid growth should thus be examined by further experimental work.
Our calculation of the daily consumption of POC by O. dioica (0.05% to 5%, Fig. 7 ) is close to an estimate by Tsuda and Nemoto (Tsuda and Nemoto, 1988 ) that copepods in Tokyo Bay consume 3 -12% of suspended particles per day. It should be stressed that the averaged biomass of O. dioica is only 2.5% of that of copepods.
Appendicularians can ingest smaller particles which cannot be easily accessed by other meso-and macrozooplankton (Gorsky and Fenaux, 1998) ; therefore, it is natural to consider that the size range of particles fed on by O. dioica and copepods are different. Oithona davisae, the most abundant zooplankton in biomass in the study area (Nomura and Ishimaru, 2000) , prefers large particles (.20 mm) as food (Tsuda and Nemoto, 1988) but also feeds on microflagellates (Uchima, 1988) . Although this copepod may be small enough not to be detected by visual predators such as fish, it can be easily captured by A. aurita, the abundant jellyfish species in Tokyo Bay, resulting in a significant food chain of microflagellate -O. davisae -A. aurita (Ishii and Tanaka, 2001 ). In such a food chain, primary production could well be transferred to jellyfish, but not effectively to fish (Sasaki, 1996) . Being important as food for fish larvae, appendicularians bridge between small primary producers and higher trophic consumers (Gorsky and Fenaux, 1998) . We similarly assume that O. dioica in Tokyo Bay efficiently transfers energy from small primary producers toward higher trophic levels including fish.
In Tokyo Bay during summer, primary productivity is high (Yamaguchi and Shibata, 1979) , which should result in a high value of POC flux (Berger et al., 1989) ; however, the appendicularian productivity is low (Fig. 6a) . Therefore, the contribution of appendicularians to the POC flux would be small in summer. Estimates of the POC flux in Tokyo Bay based on data from sediment trap surveys at the inner bay area were 845, 593 and 458 -1122 mg C m 22 day
21
, respectively, in June, July and August 1988 (K. Sasaki, Sapporo, personal communication) . In contrast, detrital matter productivity of O. dioica was 5.8, 6.8 and 8.4 mg C m 22 day
, respectively, in June, July and August (Fig. 6a) , corresponding to 0.5-1.8% of the estimates of POC flux. On the other hand, in the other seasons when P DH and P FP are higher, appendicularians could contribute more to the POC flux.
We should be cautious about interpreting the data considering the limitation of our sampling design. This is because appendicularians are capable of undergoing quite rapid population growth; their growth rate can be high and the generation time can be short under favorable conditions. That is, during our survey, considering that the water temperature at the sampling site was 10-288C, the generation time of O. dioica can be estimated to be 1.2 -15.8 days (Paffenhöfer, 1976) . Possible fluctuations of the population of such short duration could not be detected in our survey with a sampling interval of 1 month. Moreover, our sampling at a single station may not be enough to observe spatially heterogeneous distributions of O. dioica, which are known to form patchiness. Nevertheless, there are some previous works suggesting that our sampling provided a representative pattern of the seasonal fluctuations of O. dioica's abundance. One is based on a monthly survey of plankton at the same station in Tokyo Bay for the period 1981 -1988 by Nomura and Murano (Nomura and Murano, 1992) , showing a similar pattern in seasonal occurrence of O. dioica to our result. According to their survey, O. dioica was scarce in summer but abundant from autumn to spring. Anakubo and Murano (Anakubo and Murano, 1991) also reported a similar tendency in O. dioica occurrence at inner and nearshore stations in Tokyo Bay. Yet, it is not clear if a monthly survey can detect the seasonal patterns in the abundance and productivity of an organism such as O. dioica with such a short generation time and a rapid growth rate. The residence time of inner Tokyo Bay water, which has been reported as long as 1.7-2.3 months (Ogura, 1993) or recently, 19-43 days (Okada et al., 2007) , should be taken into account; over such a duration, the O. dioica population can undergo as much as 58 generations. This implies that our sampling per month provided only a snapshot of such repetitively renewing generation. However, as we mention above, considering that there have been reports showing similar patterns in the seasonal occurrence of O. dioica in Tokyo Bay based on monthly surveys, we can presume that our survey can be of use at least to examine the biomass and productivity of inner Tokyo Bay as it seems to represent a typical pattern.
In conclusion, the present work showed that O. dioica contributes significantly to the secondary productivity and grazing removal of suspended particles in central Tokyo Bay, although in the biomass terms it is a relatively minor component of the zooplankton community when compared with copepods. Especially in waters such as Tokyo Bay, where primary productivity is high and phyto-and zooplankton size spectra are skewed to smaller size fractions (Sasaki, 1996) , O. dioica is concluded to be important as an efficient bridge in the energy flow from primary producers to higher trophic consumers.
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